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B b 3 t z a s .
A recently proposed approach to fusion power is examined for applicability to space propulsion. This promising new scheme combines the favorable aspects of magnetic and inertial fusions in that physical confinement of the hot plasma is provided by a metallic shell, while thermal insulation is provided by a strong, self-generated, magnetic field. In contrast to conventional inertial confinement, the plasma in this approach is created on the inside of a shell as a result of a laser beam impinging through a hole and striking the inner wall which is coated with a fusion fuel such as deuterium-tritium. Since no pusher is employed in this scheme the laser-plasma coupling is significantly better than implosion type inertial fusion, and as a result very attractive energy multiplications can be generated. Because of these unique properties and relative simplicity of the system, it is shown that it is particularly suitable for space propulsion since it can generate thrusts in the tens of kilonewtrons and specific impulses of several thousands of seconds.
I .

I ntroduct ion
Almost all of the exotic propulsion schemes that have been proposed for space explorations of the next century can be characterized as high thrust or high specific impulse but rarely both. It has been argued, for example,' that missions that are tailored to electric propulsion capabilities would have a relatively large total impulse requirement which could be supplied over relatively long periods of time (such a s in deep space missions or for maintaining orbits of large satellites in earth orbit). Mission requirements for very large accelerations (thrust) and only modest tot.al impulse are perhaps not well suited to electric propulsion because the mass of the power source could be comparable to the mass of the chemical propellant saved and possibly far more expensive.
Chemical propulsion, on the other hand, may provide large thrust but is generally limited to modest specific impulses ( < S O 0 sec) which renders it quest.ionable for Sonle of the objectives cited above. In this paper we discuss a scheme which could provide significantly large specific impulses as well as very sizable thrust. It is based on a new inertial confinement fusion scheme that has generated a great deal Of interest for potential earth-based power reactors and which, as will be shown later, has unusual potential for space applications. It is called the "Magnetically Insulated Inertial Confinement Fusion" (MICF) reactor recently proposed by Hasegawa et al.z This approach combines the favorable aspects of magnetic and inertial confinement fusions in that physical confinement of the hot plasma is provided by a metallic shell, while thermal insulation is provided by a very large, instantaneous, self-generated magnetic field. The underlying principle of MICF is the generation of a fusion grade plasma inside a spherical shell by means of a laser (or particle) beam that enters the shell through a hole at the top as illustrated in Fig. 1 . when such 1 a beam s t r i k e s t h e i n n e r s u r f a c e o f t h e s h e l l which i s c o a t e d w i t h f u s i o n f u e l ( e . g . , D e u t e r i u m -T r i t i u m , DT) a f u s i o n plasma i s formed a t t h e c o r e a t n e a r l y s o l i d s t a t e d e n s i t y .
I f s u c h a plasma i s s i m u l t a n e o u s l y h e a t e d by t h e l a s e r t o t h e r m o n u c l e a r t e m p e r a t u r e s s u c h a s 1 0 k e V , t h e n i t can u n d e r g o f u s i o n r e a c t i o n s g i v i n g r i s e t o l a r g e e n e r g y re1er:ses.
In t h e c a s e o f d e u t e r i u m -t r i t i u m f u e l , thr. r e a c t i o n of i n t e r e s t i s D + T + *He4 + n + 1 7 . 6 MeV ( 1 ) where t h e a l p h a p a r t i c l e ( * H e 4 ) , b o r n a t 3 . 5 M e V e n e r g y , i s e x p e c t e d t o m a i n t a i n [.he t e m p e r a t u r e n e c e s s a r y f o r t h e c o n t i n u a t i o n of t h e f u s i o n r e a c t i o n s i n t h e p l a s m a . B e c a u s e o f t h e v e r y s t r o n g , s e l f -g e n e r a t e d m a g n e t i c f i e l d , t h e h e a t t r a n s p o r t from t h e plasma t o t h e s u r r o u n d i n g s h e l l i s d r a s t i c a l l y i n h i b i t e d a n d , a s a r e s u l t , t h e plasma w i l l c o n t i n u e t o b u r n a n d e x p a n d u n t i l Lhc whole p e l l e t i s v a p o r i z e d .
I f a t t h a t p o i n t t h e plasma (which now c o n s i s t s of t h e DT i o n s , t h e m e t a l l i c i o n s , and electrons) i s a l l o w e d t o expand i n t o a n expansion chamber a n d t h e n e x h a u s t thrii:igh a n o z z l e w e f i n d t h a t s p e c i f i c ul.ses w e l l e x c e e d i n g 1 0 0 0 secs, a n d L . i z~~s t . s i n t h e t e n s o f k i l o n e w t o n s c a n b e i T~d . I f u s e d a s a power s o s r c e i t b c shown t h a t s u c h a s y s t e m c a n a l s o . I g c n e r a t c h u n d r e d s o f megawatts o f e l e c t r i c power, which i f need b e , c a n b e r:si.d a s a power source f o r a n e l e c t r i c p r o p u l s i o n scheme s u c h as t h e magnetoplasmadynamic (MPD) t h r u s t e r . 3 I C t h e r e m a i n d e r o f t h i s p a p e r w e w i l l p r e s e n t t h e b a s i c e q u a t i o n s t h a t c h a r a c t e r i z e t h e dynamics o f t h e s y s t e m , and p r o p o s e i n a c u r s o r y f a s h i o n a c o n c e p t u a l d e s i g n t h a t might a d d r e s s t h e d e s i r e d s p a c e a p p l i c a t i o n s .
I1
E a u a t . i o n s and A n a l v z h W e b e g i n by a s s u m i n g t h a t a l a s e r -i l l u m i n a t e d D l a s m a w i t h t h e a p p r o p r i a t e p r o p e r t i e s i s formed a t t h e c e n t e r of t h e s h e l l a n d t h a t a S u f f i c i e n t l y s t r o n g m a g n e t i c f i e l d i s S i m u l t a n e o u s l y g e n e r a t e d t o i n h i b i t t h e p a r t i c l e a n d e n e r g y d i f f u s i o n from t h e e x p a n d i n g c o r e . a l s o assume t h a t a t i m e -d e p e n d e n t , z e r o d i m e n s i o n a l a n a l y s i s i s a d e q u a t e t o d e s c r i b e t h e dynamics o f MICF. W e t r e a t t h e plasma as h a v i n g t h r e e t h e r m a l i z e d
s p e c i e s : f u e l i o n s , e l e c t r o n s , a n d a l p h a p a r t i c l e s p l u s a n a r b i t r a r y number of f a s t a l p h a e n e r g y g r o u p s .
I f w e f u r t h e r t r e a t e a c h t h e r m a l s p e c i e s a s a n i d e a l g a s t h e n i t c a n b e shown from t h e s e c o n d l a w o f thermodynamics t h a t , w i t h d q a s t h e e n e r g y s u p p l i e d t o t h e g a s from t h e o u t s i d e , t h e t i m e r a t e o f c h a n g e o f t h e 6br s i m p l i c i t y we s h a l l t h e r m a l e n e r g y o f a n e x p a n d i n g g a s i s g i v e n b y 4
where Yis t h e r a t i o of s p e c i f i c h e a t s , n i s t h e g a s d e n s i t y , T i s i t s t e m p e r a t u r e a n d r i s i t s r a d i u s . The dynamics of e a c h component o f t h e plasma w i l l b e d e s c r i b e d by a p a r t i c l e a n d a n e n e r g y b a l a n c e e q u a t i o n . Thus f o r t h e f u e l i o n s w e c a n w r i t e 4 The q u a n t i t y S , r e p r e s e n t s t h e s o u r c e s t r e n g t h p e r u n i t volume of r e f u e l l i n g a s a r e s u l t o f e v a p o r a t i o n of s o l i d f u e l , ~-:nd E, i s t h e a v e r a g e e n e r g y c a r r i e d by c,;Ich o f t h e s e s o u r c e f u e l i o n s . S i n c e t h e f u e l i o n s e x c h a n g e e n e r g y w i t h t h e e l e c t r o n s and t h e t h e r m a l i z e d a l p h a s , s u c h e x c h a n g e s a r e r e p r e s e n t e d by (nT),f a n d ( n V e a i n Eq. 4 , w h i l e f u s i o n e n e r g y p r o d u c t i o n r a t e i n t h e same e q u a t i o n i s g i v e n by (mv), w i t h c b e i n g t h e f u s i o n r e a c t i o n c r o s s s e c t i o n . The l a s t t e r m i n Eq. 4 r e p r e s e n t s t h e r a t e which t h e jt, g r o u p of f a s t a l p h a s g i v e s up e n e r g y t o t h e f u e l i o n s a n d t h e s e terms a r e summed o v e r a l l t h e f a s t a l p h a g r o u p s . S i m i l a r e q u a t i o n s c a n be w r i t t e n f o r t h e e l e c t r o n s o f t h e plasma a n d t h e t h e r m a l a l p h a s h u t i n t h e i n t e r e s t o f b r e v i t y we s h a l l n o t r e p r o d u c e them h e r e , a n d u r g e t h e r e a d e r t o c o n s u l t R e f . 4 f o r t h e s e d e t a i l s a n d t h o s e a s s o c i a t e d w i t h t h e f a s t a l p h a s p e c i e s . F o r t h e f u e l i n g r a t e we h a v e assumed t h a t for e v e r y b r e m s s t r a h l u n g p h o t o n e m i t t e d by t h e h o t plasma e l e c t r o n s t h a t s t r i k e s t h e s o l i d f u e l w a l l , a n e l e c t r o n w i t h a n e n e r g y e q u a l t o t h a t of t h e i n c i d e n t p h o t o n w i l l emerge, a l o n g w i t h a n i o n a t r o u g h l y z e r o u
11-t h c s e e q u a t i o n s n f , i s t h e f u e l i o n d e n s i t y , T f t h e f u e l I o n t e m p e r a t u r e ; ne i s t h e e l e c t r o n d e n s i t y , T , , t h e e l e c t r o n t e m p e r a t u r e ; n t h e t h e m a l l z e d a l p h a d e n s i t y and T m a i s t h e
e l e c t r o n e n e r g y b a l a n c e e q u a t i o n o f t h i s a n a l y s i s ,
I n o r d e r t o o b t a i n t h e s o l u t i o n o f t h e d e s i r e d e q u a t i o n s o n e must o b t a i n t h e
e n e r g y e x c h a n g e c h a r a c t e r i s t i c times ( n V i j a v a i l a b l e i n R e f . 5, a n d t h e lasma / H e x p a n s i o n r a t e u , which i s g i v e n b y P where a n d ps i
a1 ng w i t h a n i n i t i a l d e n s i t y of 10'lcm-', a n i n i t i a l i o n a n d e l e c t r o n t e m p e r a t . u r e o f 1 0 k e V , a n d a n i n i t i a l p1.8sma r a d i u s of 0 . 
.-/
The most i m p o r t a n t p a r a m e t e r t h a t c h a r a c t e r i z e s t h e e f f e c t i v e n e s s of t h e f u s i o n s y s t e m i s t h e e n e r g y m u l t i p l i c a t i o n f a c t o r Q. I f w e assume a p e r f e c t c o u p l i n g between t h e l a s e r r a d i a t i o n a n d a plasma w i t h t h e a b o v e d e n s i t y a n d t e m p e r a t u r e , t h e n a n i n p u t e n e r g y of a b o u t 300 k i l o j o u l e s i s r e q u i r e d . CO = 0 . 1 a s a reference case t h e n w e f i n d t h a t Q = 5 9 . 1 8 a f t e r a b u r n t i m e o f 2 x secs. I f on t h e o t h e r hand, we l e t t h e p l a s m a b u r n u n t i l r = 1 . 0 c m w e f i n d t h a t a Q v a l u e of a b o u t 1 3 2 o b t a i n s w i t h a t i m e o f o n l y 9 . 3 p s e c s . For t h e r e f e r e n c e case w e f i n d t h a t t h e n e t e n e r g y p r o d u c t i o n i s a b o u t 1 6 . 3 m e g a j o u l e s a n d i f a r e p e t i t i o n r a t e of 1 0 i s u s e d t h e n t h i s s y s t e m w i l l g e n e r a t e 1 8 3 m e g a w a t t s o f t h e r m a l power.
lasers, which a r e known t o be t h e most e Z f f i c i e n t of l a s e r s , a r e t e c h n o l o g i c a l l y w i t h i n r e a c h o f s u c h e n e r g y , a l t h o u g h i n r e a l i t y a much h i g h e r e n e r g y ( p e r h a p s a b o u t a m e g a j o u l e ) may b e r e q u i r e d i n o r d e r t o create t h e plasma b y a b l a t i o n o f t h e s o l i d f u e l , a n d t h e n h e a t i n g i t t o t h e d e s i r e d t e m p e r a t u r e . I f we allow t h e plasma t o b u r n f o r a t i m e o f 2 psecs t h e n t h e v a r i a t i o n o f Q w i t h t h e i n i t i a l plasma d e n s i t y , and i t s v a r i a t i~o n w i t h t h e i n i t i a l r a d i u s a r e g i v e n i n T a b l e s 1 a n d 2 r e s p e c t i v e l y .
Such a r e p e t i t i o n r a t e h a s b e e n s u g g e s t e d i n s e v e r a l r e a c t o r d e s i g n s , 6 a n d f o r t h e d e s i g n s u g g e s t e d below t h i s r e p e t i t i o n t i m e is c o m p a t i b l e w i t h t h e plasma e s c a p e t i m e , I V . MICF 4s a P r o o u l s i o n nevi-F o r t h e r e f e r e n c e c a s e a l l u d e d t o a b o v e t h e c a l c u l a t i o n shows t h a t t h e
p l a s m a r a d i u s would be 0 . 5 cm, t h e d e n s i t y 1021cm-3, t h e mean plasma e n e r g y 3 0 keV, a n d Q i s about 60 a t t h e e n d of 2 llsecs. I f we assume t h a t t h e p e l l e t a t t h a t i n s t a n t i s v a p o r i z e d a n d b o t h t h e DT plasma a n d t h a t o f t h e s h e l l r e a c h t h e r m a l e q u i l i b r i u m a t a mean e n e r g y o f 30 k e v , t h e n by e n e r g i z i n g a t t h a t p o i n t a m i r r o r -t y p e m a g n e t i c f i e l d t h e c h a r g e d p a r t i c l e s w i l l be t r a p p e d w i t h i n t h e e x p a n s i o n chamber i l l u s t r a t e d i n F i g .
. F o r t h e a b o v e p a r a m e t e r s t h e p l a s m a e s c a p e t i m e t h r o u g h t h e n o z z l e i s a b o u t DT i o n s i s a b o u t 20 k i l o m e t e r s p e r s e c o n d which t r a n s l a t e s t o a s p e c i f i c i m p u l s e o f a b o u t 2000 s e c o n d s . I f t h e m e t a l l i c s h e l l h a p p e n s t o be t u n g s t e n t h e n t h e e s c a p e v e l o c i t y of t h e s e i o n s i s r o u g h l y
114 t h a t of t h e DT i o n s . F o r a n i n i t i a l t u n g s t e n s h e l l o f 0 . 0 0 2 c m t h i c k n e s s t h e t h r u s t g e n e r a t e d b y t h e t u n g s t e n i o n s o n l y upon e x h a u s t is a b o u t 20 k i l o n e w t o n s . S i n c e t h e escape time i s much l o n g e r t h a n t h e b u r n t i m e (-2 psec) a r e p e t i t i o n r a t e of 10 i s r e a d i l y a t t a i n a b l e , t h o u g h c o n s e r v a t i v e , a n d t h e s y s t e m w i l l operate almost a t s t e a d y s t a t e . If w e w i s h t o e x h a u s t t h e plasma t h r o u g h t h e m a g n e t i c mirror a t t h e o n e n o z z l e w e c a n t a i l o r t h e m a g n e t i c f i e l d so as t o m i n i m i z e t h e escape t h r o u g h t h e o t h e r mirror. It s h o u l d be n o t e d however t h a t b o t h t h e s p e c i f i c i m p u l s e a n d t h e t h r u s t w i l l i n c r e a s e s i g n i f i c a n t l y i f w e allowed t h e s e c s a n d t h e e s c a p e v e l o c i t y of t h e
n d h e n c e b o t h t h e e x h a u s t v e l o c i t i e s a n d p r o d u c e d b y MICF as a t h r u s t e r i s a b o u t
t h e e s c a p e t i m e w i l l c h a n g e a c c o r d i n g l y .
x lo6 k g . With a power p r o d u c t i o n of 58 MW, t h e n t h e s p e c i f i c mass i s aTS = 0 . 0 7 , a v e r y a t t r a c t i v e v a l u e i n d e e d . ~x p a n r i o n Chamber
F14. * Schematic of WICF Propulsion
W e h a v e shown t h a t a s a r e a c t o r o p e r a t i n g on t h e b a s i s of t h e r e f e r e n c e case MICF p r o d u c e s 1 8 3 m e g a w a t t s o f t h e r m a l power t h r o u g h t h e n e u t r o n s g e n e r
a t e d b y t h e D T r e a c t i o n (See E q . I).
A t a t h e r m a l e f f i c i e n c y of 4 0 % t h e e l e c t r i c power g e n e r a t e d b y t h e s y s t e m i s a b o u t 7 5 m e g a w a t t s which would make it v e r y a t t r a c t i v e as a m u l t i m e g a w a t t power s o u r c e f o r a n e l e c t r
i c p r o p u l s i o n scheme s u c h a s MFD. T h a t o f c o u r s e would n e c e s s i t a t e u s i n g r a d i a t o r s t o g e t r i d o f
t h e w a s t e h e a t a n d i n t h a t r e g a r d MICF i s no d i f f e r e n t t h a n any o t h e r N u c l e a r E l e c t r i c p r o p u l s i o n scheme.
The n e u t r o n p r o b l e m c a n b e almost t o t a l l y c i r c u m v e n t e d i f a n o t h e r f u s i o n f u e l c y c l e ( s u c h a s D-He3) i s u s e d .
I n t h i s case t h e r e a c t i o n p r o d u c t s w i l l b e p r i m a r i l y c h a r g e d p a r t i c l e s a n d as h a l f o f them e s c a p e t h r o u g h t h e l e f t m i r r o r o f F i g . 2 t h e i r e n e r g y car. b e d i r e c t l y c o n v e r t e d t o e l e c t r i c i t y a t v e r y h i g h e f f i c i e n c y ( 8 0 -9 0 3 1 , The p e r f o r m a n c e f o r s u c h ii t h r u s t e r w i l l b e q u i t e d i f f e r e n t however s i n c e , among o t h e r t h i n g s , t h e t e m p e r a t u r e r e q u i r e m e n t i s s i g n i f i c a n t l y h i g h e r t h a n t h a t o f t h e DT f u e l c y c l e . T h i s a s p e c t o f i t w i l l b e t h e s u b j e c t of a f u t u r e p a p e r .
R e t u r n i n g t o t h e r e f e r e n c e c a s e it i s of i n t : e r e s t to examine o t h e r p r o p e r t i e s t h a t r e n d e r MICF a s a n a t t r a c t i v e p r o p u l s i o n s y s t e m . Two v e r y r e v e a l i n g p a r a m e t e r s a r e t h e r a t i o (a) o f t h e w e i g h t o f t h e power p l a n t t o t h e t h e r m a l power p r o d u c e d , a n d t h e r a t i o of t h e power p l a n t mass t o t h e j e t power g e n e r a t e d by t h e t h r u s t e r o f t e n r e f e r r e d t o a s t h e s p e c i f i c mass aTS. I t i s known t h a t t h e w e i g h t o f t h e C 0 2 l a s e r p e r j o u l e o f e n e r g y i s 9 k g / j o u l e a n d f o r t h e r e f e r e n c e c a s e a l a s e r d e l i v e r i n g o n e h a l f 9f a m e g a j o u l e w i l l weigh a b o u t 4.5
I n terms of a p a r t i c u l a r m i s s i o n c a p a b i l i t y it i s i n t e r e s t i n g t o compare M I C F w i t h , s a y , p e r f e c t e l e c t r i c p r o p u l s i o n schemes f o r which t h e i n p u t power Pin i s e q u a l t o t h e j e t power PJ.
U s i n g a n e x p r e s s i o n t h a t c a n r e a d i l y b e deduced from s t a n d a r d r o c k e t e q u a t i o n , w e examine t h e c a s e of a n o r b i t t r a n s f e r o f a v e h i c l e from l o w e a r t h o r b i t (LEO) t o g e o s y n c h r o n o u s e a r t h o r b i t (GEO) f o r which t h e v e l o c i t y i n c r e m e n t i s AV = 6 0 0 0 m/sec.' C h o o s i n g t h e i n i t i a l mass of t h e v e h i c l e t o be 3 5 , 0 0 0 kg w e f i n d , f o r a n e l e c t r i c p r o p u l s i o n s y s t e m w i t h a s p e c i f i c i m p u l s e I = 1000, a n i n p u t power o f a b o u t 1.28'MW w i l l be r e q u i r e d t o c a r r y o u t t h e t r a n s f e r i n 10 d a y s . A t t h e same I t h e MICF t h r u s t e r w i t h a power o f 58' MW will a c h i e v e t h e same m i s s i o n i n a b o u t 5 h o u r s .
I t s h o u l d b e k e p t i n mind t h a t t h e a b o v e i m p r e s s i v e r e s u l t s t h a t c a n b e g e n e r a t e d by MICF p r o p u l s i o n a r e b a s e d on t h e r e f e r e n c e case which r e p r e s e n t s a v e r y c o n s e r v a t i v e a s s e s s m e n t of t h i s scheme (Q -60 a t a b u r n t i m e o f 2 p s e c l .
W e r e c a l l t h a t i f w e a l l o w t h e f u s i o n b u r n t o l a s t 9 . 3 psec t h e n Q would b e a b o u t 132 a n d t h u s w i l l h a v e a p r o f o u n d i m p a c t on a l l t h e p r o p u l s i o n p a r a m e t e r s s u c h a s Isp a n d j e t power. I n f a c t we s e e from Tables 1 a n d 2 t h a t w e c o u l d s i g n i f i c a n t l y e n h a n c e i t s p e r f o r m a n c e by m e r e l y c h a n g i n g t h e s i z e o f t h e p e l l e t . a n d / o r t h e d e n s i t y o f t h e i n i t i a l f u s i o n p l a s m a .
v . co n c l u s i o n W e h a v e examined i n t h i s p a p e r t h e a p p l i c a b i l i t y of a new f u s i o n a p p r o a c h to p r o p u l s i u n f u r s p a c e e x p l o r a t i o n s of t h e n e x t c e n t u r y . The M a g n e t i c a l l y 1 n s u l a t . e d I n e r t i a l Confinement F u s i o n (MICF) a p p e a r s t o b e e s p e c i a l l y s u i t e d f o r m i s s i o n s where l a r g e t h r u s t a s w e l l as l a r g e s p e c i f i c i m p u l s e may b e r e q u i r e d . Because o f t h e h i g h power d e n s i t y o f f u s i o n f u e l s ( -1015 j o u l e s / k g ) s u c h a t h r u s t e r c a n g e n e r a t e on t h e b a s i s o f a c o n s e r v a t i v e d e s i g n t h r u s t i n t h e t e n s of k i l o n e w t o n s a n d s p e c i f i c i m p u l s e s of few t h o u s a n d s e c o n d s .
The p r e l i m i n a r y c a l c u l a t i o n s p r e s e n t e d i n t h i s p a p e r also r e v e a l t h a t s i g n i f i c a n t enhancement i n t h e p e r f o r m a n c e o f t h i s s y s t e m c a n b e a c h i e v e d w i t h modest m o d i f i c a t i o n s of c e r t a i n p a r a m e t e r s t h a t a r e , o r s h o r t l y w i l l b e , w i t h i n r e a c h o f t e c h n o l o g y .
